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E-mail address: jsha@sejong.ac.kr (J. Kim-Ha).Superoxide dismutase (SOD) is one of several major proteins that regulate removal of superoxide.
Three isoforms of SOD exist in mammals. It has long been thought that Drosophila lacks the SOD3
gene. However, a putative SOD3 gene sequence (dSod3) in the Drosophila genome was reported
recently. Thus we investigated whether dSod3 truly functions as a SOD3 homolog in Drosophila.
We found that dSod3 not only retains SOD activity but also properties of secreted proteins, as do
other SOD3s. In addition, the dSod3 protein alleviates ultraviolet-induced cellular damage. These
results suggest that dSod3 functions as an extracellular SOD3.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Molecular oxygen is critical for the production of energy in
aerobic organisms, but it also contributes to the production of toxic
by-products of aerobic metabolism, such as reactive oxygen
species (ROS). Excess amounts of ROS can cause tissue damage
[1] that contributes to the pathogenesis of a number of human
diseases [2,3]. However, ROS also participates in cell signaling
and regulation. Therefore, balanced levels of ROS in the organism
are critical. The ﬁrst ROS produced in the course of oxygen reduc-
tion is the superoxide anion. Hyperoxia, radiation, and drugs can
contribute to the increased production of superoxide anion [4].
Generated superoxide anion can be detoxiﬁed by its conversion
into water by the sequential reaction of superoxide dismutases
(SODs) followed by catalases or glutathione peroxidases. In
contrast, superoxide anion can participate in the generation of
other toxic metabolites, such as hydrogen peroxide, hydroxyl
radical, and peroxynitrite [5].
In mammals, three isoforms of SOD have been identiﬁed:
cupper/zinc SOD (SOD1), manganese SOD (SOD2), and extracellularchemical Societies. Published by E
etallothionein; ROS, reactiveSOD (SOD3). These SOD isoforms occupy distinct areas in the
organism such that the majority of the SOD1, SOD2, and SOD3
proteins are found in the cytoplasm, mitochondria, and extracellu-
lar space, respectively.
In Drosophila, only SOD1 (dSod1) and SOD2 (dSod2) have been
isolated and characterized [6,7]. Mutation of both dSod1 and dSod2
results in hypersensitivity to paraquat, ionizing radiation, and
hyperoxia, and also affects longevity and reproductive ability
[6,8]. A putative SOD3 sequence was suggested by Landis and
Tower [9] after assembling SOD-related protein sequences and
comparing them using a sequence alignment program. However,
whether the predicted SOD3 gene truly functions as a SOD is not
yet known. In this paper, we report that the predicted SOD3 truly
functions as an extracellular SOD and plays an important role in
both lifespan and protection against oxidative stress.2. Materials and methods
2.1. Plasmid construction
For the expression of the dSod3 protein, plasmids were con-
structed using two different vectors. The pRmHa-3 vector [10]
was used for the regulated induction of the dSod3 protein. For
constitutive expression, the pACPA vector [11] was used. Thelsevier B.V. All rights reserved.
Fig. 1. Sequence alignment of Drosophila dSod3 with human SOD3 and dSod3 orthologs from nine Drosophila species. (A) Amino acid sequences from Drosophila (accession
number NP610682) and human SOD3 (NP003090) are compared using the ClustalW program. Asterisks, double dots, and single dots indicate identical, conserved, and semi-
conserved substitutions of amino acids, respectively. (B) Among the 12 sequenced Drosophila species, proteins annotated as dSod3 (Dmel/CG9027) orthologs with 181 amino
acids in length in the ﬂybase were selected, and their amino acid sequences were compared. They are Dmel/CG9027, Dsim/GD25903, Dsec/GM20432, Dyak/GE13524, Dere/
GG22650, Dpse/GA21488, Dwil/GK21886, Dmoj/GI21051, Dgri/GH20507, and Dvir/GJ21975. As Dana/GF12396 and Dper/GL10397 contain extensions at the C terminus, their
sequences are not presented with the others here. However, they also showed similar homologies in the ﬁrst 181 amino acid region (data not shown).
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GH23708. The 764-nucleotide fragment of the dSod3-coding re-
gion was subcloned into the pRmHa-3 and pACPA vectors to yieldpRmHa-3-dSod3 and pACPA-dSod3, respectively. pRmHa-3-GFP (a
gift from Y.-J. Kim at Yonsei University) was used as a control plas-
mid to compare transfection efﬁciency.
Fig. 2. Measurement of dSod3 activity. (A) Expression levels and localization of
dSod3 in supernatant (sup) or cell extract (CE) fractions of transfected SL2 cells
were examined by denaturing polyacrylamide gel electrophoresis and Western blot
analysis. A GFP-expressing vector was co-transfected as a control for transfection
efﬁciency. pRmHa-3 was used for mock assays. Tubulin was used as a loading
control. The predicted protein size of the dSod3 protein expressed from pRmHa-3-
dSod3 is 20.1 kDa. However, we detected induced doublet protein bands at 23 and
27 kDa. We did not further analyze these protein bands for the presence of any
modiﬁcations. (B) Proteins in the culture media were separated by non-denaturing
polyacrylamide gel electrophoresis and tested for SOD activity by in-gel assay (top)
or Western blot analysis (middle). Cell extracts equivalent to the culture media
used in the assay were used as controls and tested for the presence of tubulin
(bottom). (C) SOD activity is indicated as inhibition rate of the proteins in the
culture media on the formation of WST-1 formazan in the presence of WST-1 and
superoxide anion. Inhibition rate (%) was calculated according to the equation
Ablank  Asample/Ablank  100. Ablank is absorbance at 450 nm from the blank well that
contains WST-1 and the enzyme working solution.
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SL2 cells, seeded and cultured in six-well plates to reach 60–70%
conﬂuence, were transfected using transfection mixtures prepared
by mixing 1 lg pRmHa-3-GFP, 10 ll Cellfectin reagent (Invitrogen,
#10362-010), 100 ll HyQ SFX-insect medium (HyClone
#SH30278), and 2 lg either pRmHa-3 or pRmHa-3-dSod3. After
incubation for 20–30 min at room temperature, medium was
added, the cells were incubated for 4 h, fresh medium was added,
and the cells were incubated for 24 h prior to induction by copper
treatment. CuSO4 was added to the medium at 0.5 mM ﬁnal
concentration, and cells were incubated until sampling was
required.
2.3. SOD activity measurement
Both the cells and media were sampled at 2, 4, 12, 24, 48, and
72 h post-induction. Media were collected and centrifuged at5000g for 10 min at 4 C to remove ﬂoating cells. As the CuSO4
inhibited the assay (data not shown), it was removed by dialysis
of the supernatants through a dialysis membrane (MW
12–14 000, Spectrum Lab Inc.) in 1 PBS containing 1 mM PMSF
at 4 C. Cell extracts were prepared by subjecting cells to two
freeze/thaw cycles, followed by grinding cells in 1 PBS with a
pestle, three cycles of sonication, and centrifugation at 10 000g
for 15 min to remove cell debris. Media or cell extracts equivalent
to 3% of the culture or 8.64  104 cells were used for each assay.
The SOD activity assay was performed according to the protocol
provided by the manufacturer (Dojindo Molecular Technologies
Inc.), and the activity was measured by reading the absorbance
at 450 nm (VERSAmax™ Microplate Reader, Molecular Devices).
For the in-gel assay, supernatants were concentrated using a
Centricon 30 and separated by 8% non-denaturing polyacrylamide
gel electrophoresis. The polyacrylamide gel was incubated in
2.45 mM nitroblue tetrazolium solution for 20 min in the dark,
then transferred to a solution containing 28 mM TEMED,
0.028 mM riboﬂavin, and 0.36 mM KH2PO4 and incubated for
20 min. The gel was then exposed to light for 10 min.
2.4. Antibody production and Western blot analysis
KLH-conjugated peptides corresponding to amino acids
162–175 of the dSod3 protein (GenBank accession number
AAF58647) were synthesized (AnyGen) and used for immuniza-
tion. Peptides (0.1 mg) in 1 PBS were mixed with an equal
volume of TiterMax Gold Adjuvant (Sigma) and injected into rats.
Immunization was performed three times at 4-week intervals,
and total serum was recovered at 14 days after the last boost.
The serum was used at 1:200 dilutions for Western blot analyzes.
2.5. UV irradiation
SL2 cells were seeded at 70–80% conﬂuence on each plate and
incubated for an additional 12 h. Cells were washed with 1 PBS
three times and then irradiated with 3 kJ/m2 UVB (290–320 nm,
Vilbert Lournat VL-6 MC). After UV irradiation, cells were
incubated with culture medium with or without the dSod3 pro-
tein. pACPA-dSod3 was used to produce dSod3 protein, and
supernatants collected at 36 h post-transfection were used for
the assay.3. Results
3.1. Analysis of the putative dSod3 sequence in the Drosophila genome
The dSod3 gene is reported to be a hypothetical gene, CG9027,
in the ﬂybase [12], and its SOD activity has not been analyzed. The
dSod3 protein sequence shows 37% identity and 47% similarity to
that of human Sod3 (Fig. 1A). Protein domain searches identiﬁed
a signal peptide in the N-terminal region followed by a Cu/Zn
SOD domain. Four transcripts (i.e., RA, RB, RC, and RD) are
predicted to be synthesized from this region in the ﬂybase. Each
transcript encodes protein isoforms PA to PD. PA and PB encode
identical proteins consisting of 181 amino acids. The RC transcript
encodes a protein containing an extra seven amino acids in the
N-terminal region, and the RD transcript encodes 36 extra amino
acids in the C-terminal region.
As it has been thought that there is no SOD3 in Drosophila
[8,13], we searched whether there were similar genes in another
11 sequenced Drosophila species that span 40 million years of
evolutionary distance [14]. Hypothetical proteins, consisting of
181 amino acids, were predicted from 10 species including
Drosophila melanogaster and share more than 87% similarity
Fig. 3. Effects of reduced dSod3 expression on resistance to oxidative stress and ﬂy longevity. The dSod3 mutant lines, G3462 and the Da-Gal4 > UAS-dSod3RNAi were tested.
Two UAS-dSod3RNAi lines (VDRC37793 and VDRC37794) were used. Survival of the ﬂies maintained with food containing 2 mM paraquat, which generates ROS, was
measured (A and B). Longevity tests performed at 29 C (C and D) and 25 C (E) are presented. Lines with open squares, close triangles, closed squares, and closed circles
represent wild type (w1118), G3462mutant, Da-Gal4 > VDRC37793, and Da-Gal4 > VDRC37794, respectively. Reductions of 58%, 94%, and 85% of the transcript levels in G3462,
Da-Gal4 > VDRC37793, and Da-Gal4 > VDRC37794 ﬂies, respectively, were conﬁrmed by end-point (F and G) and real-time RT-PCR analyzes (H and I). Ribosomal protein 49
(rp49) gene was used as a reference.
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proteins with homologies but with extensions at the C terminus
such that the full-length peptides were 277 and 210 amino acids,
respectively. Those C-terminal extensions showed very high
homologies to the C-terminus of the dSod3 PD isoform, which
has an unusual C-terminal extension compared to other isoforms.
A similarity greater than 87% was found in the common 181 amino
acid region among all 12 species. A sequence comparison of Dro-
sophila SOD3 orthologs in the 12 sequenced Drosophila genomes
revealed that they have been highly conserved during evolution.3.2. The dSod3 protein is a secreted protein and retains SOD activity
Compared to Sod1 and Sod2, Sod3 proteins are characteristi-
cally secreted into extracellular spaces [15]. We examined two
questions. First, is the dSod3 protein also secreted into the extra-
cellular space? Second, does the dSod3 protein catalyze the dismu-
tation of superoxide anion into hydrogen peroxide and oxygen? To
address these questions, we used a Drosophila SL2 cell line. A
plasmid that expresses dSod3 cDNA under the control of the metal-
lothionein (Mtn) promoter (pRmHa-3-dSod3) was constructed and
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copper ions, SL2 cell extracts and media were monitored for the
presence of dSod3 protein with an antibody against the dSod3
peptide. A green ﬂuorescent protein (GFP)-expressing vector under
the control of the same Mtn promoter (pRmHa-3-GFP) was co-
transfected with pRmHa-3-dSod3, and we observed induced
expression of GFP from 12 h post-induction. The dSod3 protein
was also detectable from 12 h post-induction. However, the dSod3
protein was only detectable in the media and barely detectable in
the cell extract (Fig. 2A). This result implies that the dSod3 protein
is secreted as soon as it is synthesized.
To examine whether dSod3 proteins retain SOD activity, pro-
teins from the cell extract and supernatant fractions were tested.
For the in-gel assay, proteins were separated by non-denaturing
polyacrylamide gel electrophoresis and assayed for the presence
of SOD activity in the gel. The amount of negatively stained bands
in the gel corresponds to the SOD activity in that location.
Increased amounts of negatively stained bands were detected from
the supernatant fraction as the incubation time increased after
induction of the dSod3 protein (Fig. 2B, top). No negatively stained
bands were detected from either the supernatant of cells transfec-
ted with vectors only or the cell extract fraction (data not shown).
To elucidate the nature of the negatively stained bands, proteins in
the gel were subjected toWestern blot analysis and showed immu-
noreactivity with the dSod3 antibody (Fig. 2B, middle). The
presence of SOD activity in the supernatant fraction was re-tested
using a colorimetric method, which utilizes the competing activity
of SOD for the availability of superoxide anion. A 10–20% inhibition
rate (SOD activity) was measured in the media after 2 h of induc-
tion, and 60% and 90% inhibition was measured at 12 and 72 h
post-induction, respectively. SOD activity was only detected in
the media of transfected cells, and no activity was detected in
either the supernatant of cells transfected with vectors only
(Fig. 2C) or the cell extract fraction (data not shown).
3.3. The dSod3 mutant shows sensitivity to oxidative stress and
reduced life span
To determine the physiological role of the dSod3 gene, we
searched for pre-existing mutants of dSod3. Both the G3462 line
from Genexel Inc. and double-stranded RNA expressing transgenicFig. 4. Protective effects of dSod3 on UV-induced cell damage. Bright ﬁeld image (A) or p
after UVB irradiation are presented.ﬂies were used. A decrease in the dSod3 transcript level in mutant
lines was conﬁrmed by end-point and real-time RT-PCR analyzes
(Fig. 3F–I). We tested the ability of the dSod3 mutant ﬂies to
tolerate oxidative stress. To induce oxidative stress, paraquat,
which generates superoxide radicals [16], was used. Compared to
wild-type ﬂies, dSod3 mutants showed a greater sensitivity to
oxidative stress (Fig. 3A and B). Since the reduced life span pheno-
type has been observed in many Sod-related mutants, we also
tested dSod3 mutants for longevity. At both 25 C (temperature
for normal ﬂy growth, Fig. 3E) and 29 C (temperature that induces
accelerated metabolism, Fig. 3C and D), the time for the population
to reach 50% survival was shortened in the dSod3 mutants. There-
fore, dSod3 is required for both resistance to oxidative stress and
longevity in adult ﬂies.
3.4. The dSod3 protein protects cells from UV-induced cell death
Exposure of the skin to UV radiation can lead to oxidative
modiﬁcations in cells due to ROS formation. When cultured cells
were irradiated with UVB, membrane blebbing and subsequent cell
death was observed [17]. Since the protective effects of non-enzy-
matic antioxidants or radical scavengers on UVB-irradiated cell
damage have been reported [18,19], we examined whether dSod3
can exert similar protective effects. Since dSod3 is secreted as soon
as it is synthesized, we ﬁrst induced the dSod3 protein, used the
supernatant of the culture as a source of dSod3 protein, and then
examined the effects of UVB irradiation on cells in the presence
or absence of the dSod3 protein. When cells were irradiated with
3 kJ/m2 UVB, membrane blebbing was obvious approximately
10 h after irradiation (Fig. 4). Higher levels of cell death were
apparent over time. However, when dSod3 was added immediately
after UV irradiation, 30–40% more cells survived than without
dSod3 protein in the medium (Fig. 4). Therefore, we conclude that
the dSod3 protein protects cells from photo-oxidative stress
induced by UV irradiation.
4. Discussion
For many years, it has been thought that Drosophila lacks extra-
cellular SOD. However, there was no direct evidence for this
reasoning. In the present study, we demonstrate that Drosophilaercentage (B) of blebbing in SL2 cells cultured in the presence or absence of dSod3
1978 I. Jung et al. / FEBS Letters 585 (2011) 1973–1978retains a functional SOD3 gene. Mutation of dSod3 did not lead to
any apparent defects during development from embryos to adults
and thus does not appear to be essential for cell viability. The same
is true for dSod1 and dSod2 [6,8]. Similarly, SOD3-null mutant mice
did not show apparent abnormalities during development [20]. De-
fects could be observed only whenmutant mice aged to 14 months.
However, dSod3 mutation affected the survival of ﬂies to reach a
normal lifespan, even in the presence of the dSod1 and dSod2 genes.
In addition, mutants were sensitive to paraquat treatment. There-
fore, in addition to dSod1 and dSod2, the dSod3 that we identiﬁed
appears to play a substantial role as a superoxide anion scavenger.
High levels of SOD3 protein have been detected in both the
epidermis and dermis of mouse skin [21]. We tried to locate the
site of dSod3 function by examining the distribution of dSod3.
We observed strong signals in the epidermis, foregut, and hind
gut regions. However, these signals were not reduced dramatically
in the mutant ﬂies. Therefore, it is not clear whether they were true
positive signals. Although the antibodies against dSod3 could
detect dSod3 proteins by Western analysis, the antibodies may
not work well for immunohistochemical experiments.
In this paper, we show that dSod3 is a true extracellular SOD in
Drosophila, and also demonstrate the protective effect of dSod3
against cell damage caused by UV irradiation. Since we observed
this protective effect from externally applied dSod3, this result
implies the potential use of SOD3 as antioxidants to reduce UV-
induced tissue damage.
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